Production of soluble (instant) coffee powders typically involves extraction of roasted coffee by water followed by evaporation in order to concentrate extracts before spray or freeze drying to produce dry coffee powder. In the course of evaporation, deposition of dissolved material from coffee extracts is a major cause of fouling at the heat exchange surfaces of evaporators. Therefore, in order to improve the design and optimization of evaporation processes of coffee extracts, better understanding of the deposition mechanism and kinetics is needed. In this study, optical waveguide lightmode spectroscopy (OWLS) was used to monitor the initial formation of nanometer scale deposits on surfaces exposed to coffee extracts. OWLS measurements were complemented by light scattering from extract solutions, gravimetry of macroscopic deposits, and scanning electron microscopy imaging of deposited layers. Primary molecular-scale layers of about 1 mg m −2 were rapidly formed in the first stage of deposition, even at ambient temperature, followed by the secondary deposition with kinetics strongly dependent on temperature. Secondary deposition rates were low and largely independent of the extract concentration at ambient temperature, but became strongly dependent on the extract concentration at elevated temperatures. In particular, activation energies for the deposition between 25
Introduction
Deposition and fouling play an important role in various industrial and biomedical applications, such as filtration, heat exchange, evaporation, deposition in blood vessels, implant biocompatibility, and others. There are cases where deposition is desired, as long as it can be controlled, but others where it is not. Typical examples can be found in food processing industries, where various liquids (solutions or dispersion) are treated in falling film evaporators in order to produce more concentrated solutions. Extensive fouling of evaporator surfaces can occur over a period of hours to days, depending on the properties of a particular system. Fouling leads to the build-up of a thick layer deposited on the evaporator surface causing gradual decrease in the efficiency of the heat transfer and the eventual interruption of the production process due to the surface cleaning.
Various characterization methods have been used to study fouling kinetics. Macroscopic deposits can be conveniently studied using gravimetry, which has the advantage of relative simplicity and direct data interpretation. Quartz crystal microbalance has been used to study protein adsorption, which provides useful quantitative information related to mass and viscoelastic properties of deposited materials (Höök et al., 2002) . Another useful technique widely employed in fouling studies is optical microscopy, providing visual characterization of deposited layers down to the micrometer scale. Scanning electron microscopy or atomic force microscopy can provide details in the nanometer range, but they typically require sample manipulations which may lead to significant changes with respect to its original morphology. This especially concerns biological systems, which are often sensitive to changes in the environment.
On the other hand, spectroscopic characterization methods can provide molecular level insight into the mechanisms governing the deposition process, especially at its early stages. Surface spectroscopic techniques, such as optical waveguide lightmode spectroscopy (OWLS), have the advantage of non-destructive in situ monitoring of solid-liquid interfaces and provide a useful tool for the study of adsorption and deposition at solid-liquid interfaces. A limitation of this and similar reflectance-based techniques (e.g., ellipsometry, reflectometry) is that there is a limited extent of the deposit thickness that can be measured, typically not exceeding a few tens of nanometers. OWLS is especially suitable to study interfaces interacting with dense and/or dark suspensions, since this waveguide-based method does not require the reflecting laser beam to pass through the suspension.
Extracts obtained from ground roasted coffee beans are dark colored mixtures containing proteins, polysaccharides, and organic acids in both soluble and insoluble (colloidal) form suspended in aqueous matrix. There is a significant amount of lipids present in (roasted) coffee beans, but lipids are generally poorly soluble in water and their concentration in coffee extracts is therefore very low. We are not aware of any previous studies on the deposition from coffee extracts or similar systems. Most of the previous studies on surface fouling refer to the deposition of proteins, mostly of animal origin. When protein solutions come into contact with an interface, a spontaneous deposition is typically observed. The published studies have been mostly focused on protein-surface interactions, mainly at ambient temperature. Protein deposition is affected by pH, electrolyte concentration, and temperature, which may specifically affect the protein functional groups or change its geometrical arrangement. Polysaccharides, which represent a significant part of the coffee extracts, tend to copolymerize with proteins at elevated temperatures (Maillard reaction), and the resulting copolymers are also expected to be subject to fouling.
Considering interphase interactions of deposited entities with solid surfaces, the deposition processes can be divided into two main groups:
i) The first group involves monolayer systems, where the main driving force of the deposition is the interaction potential difference between the bulk solution and the solid surface. Electrostatic double layer repulsion prevents charged polymer colloids from aggregating to each other, which results in a stable deposited monolayer on the solid surface making it resistant against further deposition by the same electrostatic repulsive forces which keep suspended colloids stable in the bulk solution.
ii) The second group involves multilayer systems, where the repulsive interactions between the primary deposited layer and the bulk solution entities are reduced so that subsequent deposition on the top of the primary layer can proceed. Multilayer growth can be achieved by altering the bulk solution composition, mainly through changes of pH and/or electrolyte concentration or, as in the system studied here, by increasing the temperature. Typically, fouling phenomena occur through multilayer deposition. In this case, the deposition is driven by interactions of previously deposited entities with those in the bulk, similarly to aggregation in the bulk solution itself; thus fouling becomes independent from surface properties of the original substrate after the first few layers are deposited.
Multilayer film deposition at ambient temperature was studied by Picart et al. (2001) and Lavalle et al. (2004) , who investigated well defined polyelectrolyte multilayers and multilayer polyelectrolyte/protein films employing OWLS and scanning angle reflectometry. It was shown that OWLS is able to monitor the deposition process from the initial deposited layer up to the thickness of more than 40 nm, while reflectometry can be used only after a few nanometers have been deposited up to about the same maximum thickness. This study of polyelectrolyte multilayer growth pointed out the important role of solution pH and charge distribution inside the film on the layer buildup mechanism.
Studies of Griesser et al. (2002) on the deposition of complex protein mixtures (differing in the isoelectric point) for different bulk solution electrolyte concentrations on variously grafted polysaccharide layers and polymer coatings showed that coatings with substantial surface charge can be resistant to protein adsorption of the same charge, although they cannot be considered as a universal protein-resistant surface for all protein mixtures.
The effect of temperature, particularly at elevated temperatures, on the deposition process has been rarely investigated. As reported in the review by Nakanishi et al. (2001) , this may be in part due to the associated experimental difficulties. The most commonly temperature driven fouling system studied in literature is milk (Changani et al., 1997; de Jong, 1997; Visser & Jeurnink, 1997; Anema, 2000) , a complex mixture of proteins, fats, carbohydrates, minerals, and enzymes. There are two major components playing a role in milk fouling. Deposits formed between 60
• C and 100
• C are predominantly proteinaceous (with β-lactoglobulin as the dominant protein), while deposits formed above 100
• C are rich in minerals. Thermal properties and aggregation and deposition behavior of proteins are in general strongly dependent on pH and on the presence of other components, such as calcium ions, lactose, or casein. Upon heating at neutral pH, the proteins initially unfold and expose their inner hydrophobic cores and free thiol groups, initiating thus their spontaneous aggregation which can also lead to their deposition on surfaces (Kroslak et al., 2007; Vogtt et al., 2011; Grancic et al., 2012) . At ambient temperature, β-lactoglobulin forms a monolayer due to its interaction with the bare surface, which is the typical behavior observed for various proteins (Relkin, 1996; Van Tassel, 2003; Vörös, 2004; Sava et al., 2005) .
The main scope of this work was to investigate the mechanism and kinetics of surface deposition from coffee extract induced by increased temperature. The temperature control setup developed for the OWLS instrument allowed obtaining unique insights into the deposition process in these systems. Better qualitative and quantitative understanding of the deposition process should provide a rational basis for possible process modifications leading to decreased fouling, thus improving the heat transfer in evaporators used for the production of concentrated extracts.
The primary layer formation on several different surfaces at ambient temperature and at various pH and electrolyte concentrations was investigated. Then, the secondary deposition, driven by a temperature increase, on the primary layers previously deposited on a silica surface was studied. The structure of deposited layers was also analyzed using scanning electron microscopy while the macroscopic deposition kinetics at longer times was measured by gravimetry. Light scattering was used to monitor the corresponding aggregation processes in the bulk suspension for variously diluted extracts at elevated temperatures.
Optical waveguide lightmode spectroscopy
Optical waveguide lightmode spectroscopy is based on measurements of changes of the effective refractive index of an optical waveguide when a thin film forms at the waveguide surface. The presence of the thin film changes the evanescent electromagnetic field in close vicinity of the waveguide surface and it influences the light reflection from the waveguide surface, which results in a shift of the incidence angle of a light beam leading to a lightmode guided along the waveguide. By measuring the incidence angle, α, corresponding to the resonance maximum of the light incoupled in the waveguide, it is possible to determine the effective refractive index, N, of the light propagating along the waveguide and from that, the thin film (deposited) mass per surface area (for further details see Supplementary information).
Experimental

Materials
Dry solid content of the coffee extract (provided by Nestlé Product Technology Centre, Orbe, Switzerland) considered in this work is 13.3 mass % and the pH is 5.0. The dry mass of the suspension is constituted of 7.4 % of proteins, 35 % of carbohydrates, 3.2 % of minerals, and 54.4 % of other organic molecules like melanoidines, organic acids, and ash. At the natural pH of the coffee extract (pH 5), most proteins are negatively charged (36 %), 1.2 % of them are positively charged, 30 % are polar uncharged (mainly aliphatic), 23 % are aromatic, and the rest is not determined. The sediments constitute 2 % of the overall dry content. All solutions were prepared with ultra pure water (Milli-Q, 18 MΩ, Millipore, Billerica, MA, USA) degassed under vacuum before use in order to reduce bubble formation in the spectroscopy cell.
Silica-titania planar waveguides (OW 2400) were purchased from Microvacuum (Budapest, Hungary). They consist of a 1-mm-thick AF45 glass substrate and a 180-nm thick Si 0.75 Ti 0.25 O 2 waveguiding surface layer, with the dimensions of 1.2 cm × 0.8 cm × 0.1cm. The isoelectric point (IEP) of silica is 3.0 and that of titania is around 5.5 (Kosmulski, 2001 ). The waveguide layer has an approximate thickness of t F ∼ 180 nm and a refractive index of n F ∼ 1.76. Five different surfaces were used in this study to investigate the ambient temperature deposition process. These include the negatively charged silica and niobia surfaces, the positively charged alumina surface, and the hydrophobic polystyrene (PS) and poly(ethylene glycol)-3.5-poly(L-lysine) (PEG-3.5-PLL) surfaces. At elevated temperatures, only the silica modified surface was used.
All surfaces mentioned above were obtained through a suitable coating procedure, covering the original waveguide film with 10-15 nm thick layers. The silica and alumina coated waveguides were purchased from Microvacuum (Budapest, Hungary). IEP of alumina is 8 (Kosmulski, 2001) . The niobia coated waveguides were sputter coated on the original waveguide, using reactive magnetron sputtering (PSI, Villigen, Switzerland). IEP of niobia is 4.3. Before each deposition experiment, all oxide surfaces were activated in a NaOH solution at pH 11 for 3 h. Afterwards, the waveguides were rinsed with Millipore water and dried with nitrogen. This procedure activates the hydroxyl groups on the accessible surface.
An approximately 15 nm thick polystyrene (PS) layer was coated on the silanized original waveguide using 1 mass % polystyrene dissolved in toluene at the rotation speed of 3000 min −1 for 1 min (Extrand, 1994; Schubert, 1997) . PS used in this study was PS Standard 30000 (Product Number 81408) from Sigma-Aldrich (St. Gallen, Switzerland) with M p = 32500, M n = 31000, M w = 32000, M w /M n = 1.02. Silanization by hexamethyldisilazane (Lot No. 427155/1 44601, Fluka, Buchs, Switzerland) was used to make the originally hydrophilic oxide surface hydrophobic (Huang, 2002) . PEG-3.5-(PLL), a polycationic co-polymer (grafting ratio of 3.5) positively charged at neutral pH (Huang, 2002) , was spontaneously adsorbed on the negatively charged original surface from the aqueous solution. PEG-3.5-(PLL) modified waveguides were obtained from the Laboratory of Surface Science and Technology, Department of Materials, ETH Zurich.
Prior to the SLS measurements, the coffee extract was filtered through a 0.8 m filter (Millipore) in order to remove bigger aggregates from the coffee extract. This does not change the overall dried mass of the filtrate significantly compared to the original extract. The removal of these particles is needed to reduce skewing of the measurements caused by big aggregates.
Methods
Deposition experiments were performed in an OWLS apparatus, type OWLS 110 (Microvacuum, Budapest, Hungary), with an integrated temperature control unit, where the waveguide is placed in a measuring cell, which is an 8 mm long channel with rectangular cross section (0.8 mm high and 2 mm wide) with the volume of 12.8 L and the entrance and exit ports allowing for continuous flow through. All delivery tubes and the measuring cell are made of PTFE. The flow through the operation mode was selected in order to guarantee exposure to a fresh extract with constant composition over time. The waveguide parameters n F and t F were measured in a preliminary set of experiments where water was flushed through the deposition cell at ambient temperature.
In the deposition experiments at ambient temperature, the waveguide surface was exposed to the coffee extract for at least one hour, which led to the completion of the primary deposited layer on the bare surface. The flow rate was held constant at 1 mL min
by a programmable syringe pump Vit-Fit (Lambda, Czech Republic). After the deposition, the sample was washed with water for at least 1 h at ambient temperature. This was found sufficient to wash out all the electrolytes adsorbed during the deposition process. For the runs at higher temperatures, a specific experimental procedure has been developed, described in detail in Supplementary information. After each deposition experiment, the waveguide was cleaned by its short exposure to a strong oxidizing agent (3 s in chromic acid), followed by water rinsing. After the cleaning procedure, the position of the resonance spectrum was checked and compared with the initially measured one to check that no waveguide damage occurred during the cleaning.
Gravimetry measurements were used as complementary experiments for OWLS measurements. While OWLS was used in this work to track the deposition for surface coverages up to 30 mg m −2 , in order to study the deposition at longer times, when thicker deposits are obtained, gravimetry was used as its lower detection limit for the given experimental system is about 50 mg m −2 . Gravimetry is probably the most conventional method for the study of macroscopic deposition. It is based on weighing the difference between the adsorbent mass before and after the adsorption process, and therefore its sensitivity is limited by the accuracy of the weighting procedure. The silica plate was placed into a gravimetry cell, constituted by a 180 mm long channel, with rectangular cross-section which is 0.5 mm high and 18 mm wide. All delivery tubes were made of stainless steel and the gravimetry cell was made of alumina. The channel geometry was selected so that the hydrodynamic model for laminar flow between two infinite parallel plates can be used to calculate the hydrodynamic regime inside the channel. Using this model, the flow rate to be fed to the channel can be determined so that the velocity gradient at the surface of the waveguide is equal to that in the OWLS cell. The calculated velocity gradient in the OWLS cell is about 500 s −1 , which corresponds to a volume flow rate in the channel of 32 mL min −1 . A peristaltic pump was used to deliver the extract preheated to the desired temperature shortly before entering the measurement cell. The entire gravimetry cell was held at constant temperature. Washing with pure water was performed for one hour after the cooling step as in the OWLS experiments.
Light scattering experiments were performed on coffee extract in order to compare the aggregation in the liquid bulk with the surface deposition. All measurements were done using a small angle light scattering instrument (Mastersizer 2000, Malvern Instruments, Malvern, UK) after preliminary filtration through a 0.8 m filter. The original extract was heated and kept for one hour at constant temperature in the range of 25-80
• C so as to undergo Brownian aggregation. Samples were withdrawn at fixed times and quickly diluted 200 times with pure water in order to stop aggregation and avoid multiple scattering in the light scattering measurements. Alternatively, the extract was immediately diluted and then heated at the desired temperature so as to monitor the aggregation process in- Saini et al. (1994) where Saini et al. (1994) situ by light scattering without any sampling procedure.
Results and discussion
Estimation of OWLS parameters
In order to evaluate the deposited mass from the measured N(TE), optical parameters corresponding to the conditions inside the deposition cell had to be supplied. Refractive indices n S and n C , for the waveguide support and the cover liquid, respectively, were taken from the literature or measured independently at various temperatures and they are summarized in Table 1 . Waveguide thickness t F and refractive index n F may vary slightly depending on the measurement conditions and therefore they were evaluated before each experiment.
Let us now consider the evolution of the derivative of the dielectric constant with respect to the mass concentration of deposit dc/dε (see Supplementary information for further details). For this, the refractive indices of variously diluted coffee extracts were measured by a refractometer at the wavelength of 632.8 nm for four different temperatures: 20
• C, respectively. The measured values are provided in Table 1 , where x E represents the mass concentration of solid content in the coffee extract suspension. Since the relative dielectric constant can be computed from the refractive indices presented in the table as ε = n 2 C , the derivative dc/dε (where c = x E ) can be readily obtained. This procedure was repeated at the four considered temperatures and the obtained values were fitted by the following expression, where T is given in
As it can be seen for this particular case, the term dc/dε changes very little within the measured temperature range of 20-60
• C (i.e., a temperature 
change of 40
• C leads to an increase of 3 %). The value determined experimentally at ambient temperature for the coffee extract (1.74 g cm −3 ) is similar to that conventionally used to determine the deposited mass from various biomolecular systems (approximately 1.89 g cm −3 ) (De Feijter et al., 1978) .
Deposition at ambient temperature
A typical result of the OWLS measurement in terms of mass deposited during primary exposure of two waveguides, the silica and polystyrene coated ones, to the coffee extract (solids concentration of 13.3 mass %) is shown in Fig. 1 . After equilibration with pure water, the extract was pumped at constant flow rate through the measuring cell; at the end of the deposition process, the flow was switched back to pure water and the washing process started. These two points are indicated by arrows in the figure. Typical deposition coverage was about 1 mg m −2 after washing with pure water for one hour at ambient temperature.
It can be seen that in case of the hydrophobic polystyrene coated waveguide, the deposited mass in-creased almost instantaneously to about 2 mg m −2 , and then a very slow growth followed, further referred to as the secondary growth. During washing, a rapid decrease of the deposited mass to about 1 mg m −2 was observed, followed by a period of time where the mass decrease was so slow that the deposit can be considered as stable in time. When the silica surface was exposed to the extract, the deposited mass was growing rapidly for a longer time, i.e. for about half an hour, followed again by a steady but very slow increase corresponding to the so-called secondary growth. Also in this case, washing started very fast and then slowed down considerably, which led to a stable deposit. The mass measured at this point represents the amount of material irreversibly deposited on the surface due to the same conditions of the waveguide as at the beginning of the experiment (in contact with pure water at ambient temperature). This is referred to in the following as irreversible primary layer.
It is worth noting that while the response of the neutral polystyrene surface is almost instantaneous, that of the charged silica surface is slower and more pronounced. This is due to the fact that in the second case not only the extract material but also all the various electrolytes present in the solution are adsorbed or deposited on the surface. These species are however removed during washing, and the irreversibly deposited amount is thus very close to that obtained for polystyrene. This can be confirmed by the data reported by Nellen et al. (1992) for simple electrolyte solutions, which indicate typical saturation times of about 40 min.
Sensitivity of the silica waveguide to electrolytes is well known and the usual way to eliminate it is to use a background medium with the same electrolyte composition as that of the covering liquid under examination. Since the coffee extract used here was a complex buffering mixture, it was not possible to prepare a matching background medium. Therefore, in addition to the deposition of the extract components, the partitioning equilibrium between the solution and the solid surface had to be taken into account. The closer the solution pH is to the isoelectric point of a given surface, the less significant the adsorption of electrolytes is (Sefcik et al., 2002) . When the silica surface is exposed to an electrolyte solution at pH = 3, which corresponds to its isoelectric point, there is no charging response from the waveguide surface, similarly as in case of neutral polystyrene surface.
In Fig. 2 , the results of deposition measurements for multiple subsequent exposures of a silica coated waveguide to the coffee extract are shown. The first exposure leads to the formation of an irreversible primary layer of about 1.2 mg m −2 as shown in Fig. 1 . The second and third exposures exhibit a very similar behavior. It is worth noticing that for all three subsequent exposures, although the secondary growth region was extended over different times, the final irre- versible deposit was substantially the same. This indicates that the material deposited during the secondary growth is weakly bounded to the surface and is easily removed by washing with water. The values of irreversibly deposited mass obtained after the primary exposure to the extract on various surfaces are summarized in Table 2 . Note that the obtained values are in the same range as those observed for pure proteinaceous solutions deposited on silica surfaces (Nakanishi et al., 2001 ). Silica and niobia surfaces (isoelectric point at pH 3 and 4, respectively) are negatively charged in contact with the extract at its native pH 5 and exhibit the same thickness of the deposit. A comparable deposited mass was observed on polystyrene (neutral hydrophobic surface) after 15 min of exposure, thus confirming that the irreversible primary layer builds up almost completely in quite a short time. The amounts deposited on PEG-3.5-PLL (positively charged at pH 5 since it contains sterically isolated amine groups) and alumina surfaces (positively charged) were smaller than those obtained in the previous cases. It is remarkable that the extract dilution does not lead to any substantial difference in the deposited thickness of the primary layer, as shown in Table 2 for the silica coated waveguide.
These data confirm the result reported by Pasche et al. (2005) that the electrostatic potential of the waveguide surface has only a moderate influence on the secondary deposition and can be efficiently screened by the thin primary irreversible layer whose properties govern the following deposition process. This can be justified by the fact that the extracts considered here contain a substantial amount of soluble ions so that the expected electrical double layer thickness is below 1 nm. Therefore, electrostatic surface effects act only over a very short distance which is moreover further screened by the irreversible primary layer. 
Deposition at elevated temperatures
Prior to the deposition measurements, the temperature response of the bare waveguide in pure water was investigated. Waveguide thickness t F and refractive index n F were evaluated (see Supplementary information) with the n C and n S values reported in Table 1 . As shown in Fig. 3 , an increase in the waveguide thickness and a decrease in the refractive index were observed with the increasing temperature. It was observed that the temperature response slightly varies between the individual waveguides, although the general trend is always the same and relative changes in the waveguide properties are very similar. As indicated by Saini et al. (1994) , the change in the waveguide thickness can be attributed to thermal dilatation of the waveguide material.
It is worth noting that in the temperature response experiments conducted in pure water, when the waveguide was cooled down to ambient temperature, the waveguide parameters slightly differed from those before heating. This may indicate a gradual hydrolysis and possibly dissolution of the silica coated waveguide, particularly at higher temperatures. Therefore, the heat exposure of the waveguide in water was minimized to a minimum necessary time. On the other hand, changes of the waveguide optical parameters were not observed during the extract deposition runs. The thin layer deposited from the extract can effectively protect the waveguide from hydrolysis and dissolution reactions in two ways: it can partially isolate the oxide surface from contact with the solution and it reduces the mass transfer from the oxide surface to the bulk liquid. All other parameters needed to estimate the deposited mass are reported in Table 1 .
In Figs. 4a and 4b, a typical deposition experiment for the coffee extract at 60 • C is presented. All deposition runs started from a waveguide which had already undergone a primary deposition at ambient temperature, and therefore was covered by an irreversible primary layer. Accordingly, these experiments are referred to as secondary deposition runs in the following text. The adopted experimental procedure is described in the experimental section and in case of the experiment in Fig. 4 it is reported in detail in Table S1 . The last column in the table refers to the temperature shown in Fig. 4a .
In Fig. 4b , the deposited mass is given as a function of time for the silica coated waveguide for the different periods listed in Table S1 . It can be seen that as soon as the extract enters the measuring cell (period C), the deposited mass increases abruptly while later it follows an almost linear, relatively slow, increase which constitutes the secondary growth of the deposit. The first jump in the deposited mass is due to the adsorption of the small electrolytes on the primary irreversible layer. This is a rather fast process and the deposition of large molecules in such a short time is probably neg- ligible for the secondary deposition runs. In order to determine the deposited mass it is necessary to bring the surface of the waveguide after deposition at the desired temperature back to its initial state, i.e. in the presence of pure water at 25
• C. The total irreversibly deposited mass of the coffee extract is then computed as the difference between the mass measured at ambient temperature in water before the deposition (point M 1 ) and after water washing for one hour (point M 2 ). The corresponding average deposition rate is given as the increment of the deposited mass divided by the exposure time at the elevated temperature.
The average deposition rate determined by this method agrees well with that obtained from the slope of the deposited mass curve as a function of time during period C as shown in Fig. 4b . This is further supported by data collected for a moderately diluted extract over a range of temperatures shown in Fig. 5 , confirming that the two ways of measuring the depo- sition rate, referred to as online and off-line, respectively, yield comparable results. Therefore, the thickness of the solid layer deposited on the waveguide after a certain duration of the deposition process corresponds to the secondary deposition rate measured during period C. The electrolytes and other reversibly adsorbed species responsible for the sudden jump in the adsorbed mass at the very beginning of period C are all removed during the washing period E.
As it can be seen from the semi logarithmic plot in Fig. 6 , the deposition rate of the original extract (solid circles) gradually increases by over two orders of magnitude when the temperature increases from 25
•
C to 65
• C, beyond which the deposition rate does not increase any further. The apparent plateau in the deposition rate above 65
• C was also confirmed by gravimetry measurements (see below) and it could be caused by the diffusion limited regime of the transport from the bulk to the interface. 
Effect of extract composition on deposition kinetics
The assembly of molecules and particles among themselves and at interfaces is controlled by their mutual interactions. Repulsive interactions, typically electrostatic or steric, between the depositing entities are required in order to prevent mutual aggregation as well as surface fouling. Electrostatic interactions between colloidal particles are modulated most readily by solution pH and electrolyte concentration. Coffee extracts considered here contain molecules and colloidal particles with dissociable groups which are negatively charged at the normal extract pH of about 5, as indicated by the electrophoretic mobility measurements of diluted extracts (zeta potential -15 mV).
In an attempt to control the deposition kinetics through electrostatic interactions, deposition by pH modification to values of 4.0 and 6.5 (from the natural pH of 5) at ambient temperature and at 65
• C was studied. As expected, the increase of pH led to the increase of negative charges on the colloids, resulting in slower deposition. In particular, data reported in Table 3 show that the increase of pH from 4 to 6.5 results in a decrease of the secondary deposition rate by a factor of 2. An even more pronounced decrease was observed at 65
• C, with a reduction of the secondary deposition rate by a factor of 5 when increasing pH from 4 to 6.5.
The measured secondary deposition rates as a function of temperature are shown in Fig. 6 for extracts at various solids concentrations: original extract at 13.3 mass % and extracts diluted with pure water to 1.3 mass %, 0.28 mass %, 0.14 mass %, and 0.034 mass %. Due to a strong buffering effect of the coffee extract, pH values of the diluted extracts were close to that of the original extract (pH 5), with the highest value of pH 5.5 for the most diluted extract (0.034 mass %). From the data in the figure it can be observed that the rate of secondary deposition at the ambient temperature is only slightly sensitive to the extract concentration. Dilution of the original extract by a factor of up to 400 results in only a two fold decrease in the deposition rate, which is, at ambient temperature, only barely distinguishable from the experimental error. In particular, the deposition rate for diluted extracts (solids concentration below 1.3 mass %) is largely independent of the extract concentration. This can be explained by the presence of reversibly deposited layer at the surface in contact with the extract. Let us assume that this reversible layer is dense enough at all concentrations considered here so as to effectively saturate the underlying irreversibly bound layer. Then the rate of the growth of the irreversible layer may be simply driven by the incorporation of the loosely deposited material saturating the interface, and hence it would be essentially independent from the solution composition. However, this does not explain why at elevated temperatures, the deposition rates from the original extract are much higher than from diluted ones.
In Fig. 7 , the Arrhenius plot for deposition rates comparing the data for the original (13.3 mass %) and the most diluted extract (0.036 mass %) is shown. Activation energy for the deposition of the original extract was found to be about 130 kJ mol −1 , corresponding to an increase of the deposition rate by more than two orders of magnitude between 25
• C and 65
• C. However, the deposition rate for the diluted extract, increased by less than 10 fold between 25
• C and 70
• C, which corresponds to the activation energy of about 30 kJ mol −1 . The difference in the activation energies between the original and diluted extracts indicates that there is a different deposition mechanism operating in the two cases. In order to consider this in more detail, aggregation in bulk coffee extracts upon their heating has to be studied first.
As fouling is primarily driven by interactions between the depositing entities themselves rather than between the depositing entities and the original surface, it is instructive to consider a possible relationship between surface deposition and aggregation in the bulk suspension. Here, static light scattering was employed to investigate the Brownian aggregation of colloidal particles in the bulk extracts at various dilu- tions and temperatures. In Fig. 8a , the measured scattered light intensity for the 200 times diluted extract after heating for 1 h at the indicated temperatures is shown. The pattern corresponds to gradual aggregation of smaller particles to larger clusters. There is a strong increase in the mean radius of gyration with the increasing temperature, as it can be seen in Fig. 9 . The observed behavior is very similar to that found in Fig. 6 for the deposition rate. This is further supported by the fact that the activation energy for the deposition from diluted extracts observed in Fig. 7 is of the same order of magnitude as that for the so-called reaction limited aggregation, where a typical energy barrier for aggregation of the order of 10 kT (Hunter, 2001) , corresponding to the activation energy of 25 kJ mol −1 , was observed. These results indicate a correlation between irreversible aggregation in solution at elevated temperatures and secondary surface deposition in diluted coffee extracts.
A scattered intensity pattern, very different from that observed in diluted extracts, was found when the original extract was heated at higher temperatures, as shown in Fig. 8b . It seems that large particles of the order of tens of microns emerge after the heating at elevated temperatures although a good portion of the original colloidal particles is still present in the system. This indicates that there is an irreversible formation of large aggregates in the original extract upon heating, which is indicative of an association or a phase transition, as opposed to the gradual cluster-cluster aggregate growth seen in diluted extracts. These larger aggregates can then either directly assemble at the surface or be deposited from the solution, which, in either case, leads to much higher deposition rates compared to those obtained for diluted extracts. These results suggest that the aggregation and deposition mechanisms in coffee extracts are strongly dependent on their concentration. It is worth noting that concentration driven association phenomena have been observed using light scattering in moderately concentrated solutions of peptides ), proteins (Le Bon et al., 1999 , and polysaccharides (Burchard, 2001) , and using viscosimetry also in coffee extracts (Redgwell et al., 2005) .
Microscopy and gravimetric study
Scanning electron microscopy images of surfaces before and after the deposition were taken in order to complement the information obtained by OWLS. Images of bare silica surface are flat and featureless down to the resolution length scales of tens of nanometers, as shown in Fig. S1a . The primary layers detected by OWLS are not visible by SEM and the corresponding image looks like those of the bare surface, even when a scratch to the primary layer is done. The missing contrast between the original surface and the deposited layer indicates that the primary layer is uniform and homogeneous at the used resolution.
The secondary deposited layer on a silica surface exposed to the extract at 50
• C for 5 min can be made visible through SEM by scratching it to enhance the contrast between the layer and the surface (Fig. S1b) . The mass of the secondary deposit measured by OWLS for these conditions was about 1 mg m −2 , on the top of the primary layer constituted by another approx. 1 mg m −2 . The contrast between the surface and the deposited layer was stronger when the surface was exposed to the extract at 70
• C for 5 min, as shown in Fig. S1c . In this case, the mass measured by OWLS during the secondary deposition was 6 mg m −2 , again on top of a 1 mg m −2 thick primary layer. Visual inspection of the SEM pictures indicates that in all cases, the deposited layers were homogeneous and uniformly covering the exposed surfaces.
Gravimetry was then used to measure the deposition rates at longer deposition times, and thus for thicker deposited layers. As mentioned above, gravimetry measurements can be performed only after an appreciable amount of mass has been deposited, imposing thus a lower limit to the applicability of this method, which happens to be very close to the upper limit of OWLS. Therefore, this technique can be applied to compare the deposition rates and deposited mass over a longer time for dense concentrated extracts and to follow the history of the deposition process beyond the limits of OWLS, verifying also the compatibility of these two techniques.
One important aspect in the design of these experiments is that in the measurement cells used for gravimetry and OWLS, the hydrodynamic conditions at the deposition surface should be similar. As described in the experimental section, this is achieved by a proper design of the gravimetric cell leading to a velocity gradient at the surface equal to about 500 s −1 . Measurements for the coffee extract were performed at 65
• C. The results in Fig. 10 show that the deposited mass as a function of time increases in a log-log plot in a consistent manner going from the short time OWLS measurements (diamonds) to the long-time gravimetric measurements (squares), resulting in comparable deposition rates equal to about 1 mg m −2 min −1 , as determined by the two methods employed.
Gravimetric experiments were performed using the original extract to measure the deposition rates at higher temperatures, i.e. 73
• C and 83
• C. The obtained values are very similar to that measured at 65
• C thus confirming the plateau in the deposition rate shown in Fig. 6 which was obtained by OWLS.
Conclusions
Deposition kinetics of an industrial coffee extract was studied by OWLS and gravimetry over a wide range of temperatures. The first step in the deposition led to the formation of a primary layer of about 1 mg m −2 on all considered surfaces. At ambient temperature, the secondary exposure of the primarily covered surface led to reversible deposition attributed to the electrolyte adsorption. Temperature and concentration were found to be the main operating parameters driving the deposition process, which in the original extract reached its maximum rate at 65
• C. Gravimetry was used as an independent method to measure the deposition rates. A comparison of the deposition rates, measured by gravimetry at longer times and by OWLS at shorter times, showed a very good consistency between the two methods. Deposition rates at ambient temperature were only slightly dependent on the extract concentration, although they increased moderately with the decreasing extract pH between 6.5 and 4. Activation energies for the deposition kinetics were determined for both the original and the diluted extracts. Activation energy for the original extract (solids concentration of 13.3 mass %) was found to be about 130 kJ mol −1 between 25
• C. However, the activation energy for diluted extracts was only about 30 kJ mol −1 . This can be due to the saturation of the surface in contact with the diluted extracts with a loosely bound layer of material which gradually becomes incorporated into the irreversibly bound deposits. Therefore, the build up of the irreversibly bound deposit is independent of the extract concentration, provided that the reversible saturation of the available surface is sufficient. In contrast, the original concentrated extract exhibits an irreversible association of suspended entities to large clusters at elevated temperatures, as indicated by static light scattering, which leads to a different deposition mechanism with much higher deposition rates at higher temperatures. Our findings contribute to the better understanding of the mechanism and kinetics of deposition from protein/polysaccharide aqueous systems, which is a major cause of fouling at heat exchange surfaces of evaporators in production of instant coffee powders and in other similar operations. In particular, the knowledge of deposition kinet-ics and the corresponding activation energies allows determining the time evolution of the deposit thickness on evaporator walls and assessing its effect on the heat transfer coefficients as a function of operating time and temperature, leading to better design and improved operation of relevant processes in food and chemical processing industries.
